This article is available online at http://www.jlr.org (ARH) and the disabled-like protein 2 (dab2). Both ARH and dab2 target LDLRs to coated pits through binding sites for the LDLR, clathrin, and the adaptor protein 2 (AP-2) complex. ARH binds to the FDNPVY 807 sequence of the LDLR through a phosphotyrosine-binding (PTB) domain, to the heavy chain of clathrin through a clathrin box sequence, and to the ␤ 2-subunit of AP-2 through a sequence with strong homology to the AP-2-binding sequences of ␤ -arrestins ( 5-8 ) ( Fig. 1A ) . Y807 of the FDNPVY 807 plays a critical role in the interaction of ARH and dab2 with the LDLR, and mutation of Y807 to either cysteine or alanine cripples LDLR-dependent LDL uptake ( 3, 5, 8, 9 ). By contrast, uptake of VLDL remnants does not require ARH, dab2, or a functional FDNPVY sequence because binding of VLDL remnants to the LDLR induces a separate endocytic process that involves a second internalization motif on the LDLR cytoplasmic domain ( 10 ). It is not clear why the LDLR needs an induced process for VLDL remnant uptake when the FDNPVY-dependent process can internalize both LDL and VLDL remnants, nor why the FDNPVY process utilizes both the ARH and dab2 adaptors when either adaptor is suffi cient to support lipoprotein uptake by the LDLR.
The LDL receptor (LDLR) internalizes a broad spectrum of lipoproteins, including chylomicrons, chylomicron remnants, VLDL, VLDL remnants, LDL, and some forms of HDL. Of these lipoproteins, the LDLR is the primary endocytic receptor responsible for the uptake of LDL and VLDL remnants ( 1, 2 ) . LDLR-dependent endocytosis of both lipoproteins occurs through clathrin-coated pits; however, the mechanisms used by the LDLR to concentrate LDL and VLDL remnants in coated pits are distinct. Clustering of LDL-LDLR complexes in coated pits requires the FDNPVY 807 sequence on the LDLR cytoplasmic domain ( 3, 4 ) . This sequence drives constitutive targeting of the LDLR and lipoprotein-LDLR complexes to coated pits via interaction with either of two endocytic adaptor proteins, the autosomal recessive hypercholesterolemia protein antibodies against human ARH (4034) and LDLR (4548) were provided by Dr. Helen Hobbs (UT Southwestern) and Dr. Joachim Herz (UT Southwestern), respectively. Cre-recombinase adenovirsus was provided by Dr. Joachim Herz with the consent of Frank Graham (McMaster University). Monoclonal antibodies were purchased for human ARH (Santa Cruz Biotechnology), V5 (Invitrogen), adaptor protein 2 (AP-2) (BD Biosciences), disabled protein 2 (dab2) (BD Biosciences), and clathrin heavy chain (BD Biosciences). Rabbit polyclonal antibodies against clathrin heavy chain and AP-2 were purchased from ABCAM and ABR Affi nity Bioreagents, respectively.
DTT reduction assay
Cell lysate (20 µg) was incubated with DTT (0 to 10 mM) at room temperature for 30 min. Lysates were then mixed with protein loading buffer, separated on SDS-PAGE, and immunoblotted for ARH using the 4034 antibody. ;hLDLR +/+ mice were kindly provided by Dr. Helen Hobbs. These cells were infected with adenovirus encoding Cre-recombinase at an MOI of 500. Cells were then clonally selected in 96-well plates for cells that lack expression of dab2 (Arh Ϫ / Ϫ ;Dab2 Ϫ / Ϫ ;hLDLR +/+ fi broblasts). An outline of the procedure is shown in Fig. 2 .
Generation of mouse embryonic fi broblasts lacking both ARH and dab2 expression

Generation of expression plasmids encoding ARH variants and transfection into 293 cells
ARH variants were generated using Quickchange II XL sitedirected mutagenesis kit (Stratagene) and cloned into pCDNA3 mammalian expression vector. Then 293 cells were transfected with 1 g of plasmid per well in 6-well dishes. Cells were cultured for two days and then lysed with lysis buffer [50 mM Tris-HCl (pH 7.4), 1% Triton X-100]. Lysates were run on SDS-PAGE and immunoblotted using either the V5 mAb (Invitrogen) or the ARH mAb (Santa Cruz Biotechnology).
Generation of ARH retroviruses and ARH-expressing cell lines
Human ARH variants were generated using Quickchange II XL site-directed mutagenesis kit (Stratagene), and cloned into the pMX bicistronic retroviral vector ( 21 ) . These vectors use the 5 ′ UTR of the virus to drive mRNA expression. The multicloning site is 5 ′ to the internal ribosome entry site (IRES), while GFP is encoded 3 ′ to the IRES element. Retroviral vectors were cotransfected with the pAmpho vector (Clontech) into 293T cells to produce infectious, replication-defective retroviruses. These viruses were used to infect Arh
;hLDLR +/+ mouse fi broblasts. Because both ARH and GFP are encoded on the same viral mRNA, GFP expression correlates with ARH expression, allowing ARH-expressing cells to be isolated by fl uorescence-activated cell sorting (FACS). MOI for ARH virus infection was kept low (<5% cell infection) to enrich for cells with only single genomic integration events. Single integration yields populations of cells with similar mRNA production and hence similar protein expression ( 21 ) .
LDL initial rate endocytosis assay
Endocytic rates of lipoprotein internalization were determined as previously described ( 10, 22 ) . Briefl y, cells were incubated with 10 g/ml 125 I-LDL for 1 h at 4°C in MEM medium [MEM supplemented with 10% fetal lipoprotein-poor serum (FLPPS)]. Media was changed for the times indicated with warm DMEM medium (high-glucose D-MEM supplemented with 10% FLPPS) ( 19, 20 ) , indicating that dab2 could support LDL uptake in these cells were it expressed.
Here we show that the activity of ARH is regulated by nitric oxide. Nitric oxide nitrosylates ARH at two cysteines, and nitrosylation is necessary for ARH to support LDL uptake by the LDLR. Nitric oxide is not required for either VLDL remnant uptake or dab2-supported LDL uptake. We suggest that the ability of ARH to be regulated is the reason why hepatocytes and leukocytes normally use ARH and not dab2 for LDL uptake.
MATERIALS AND METHODS
Materials
Human LDL and rabbit ␤ -VLDL were provided by Drs. Michael Brown and Joseph Goldstein (UT Southwestern). Rabbit polyclonal Lysates were run on SDS-PAGE and immunoblotted for ARH. (E) C286 participates in an intramolecular disulfi de bond. Lysates of normal human fi broblasts were treated with the indicated concentrations of DTT for 30 min at room temperature, run on SDS-PAGE, and immunoblotted for ARH. (F) C286 forms a disulfi de bridge with C199, and both C199 and C286 are nitrosylated. The C-terminal 121 residues of human ARH have two cysteines, C199 and C286. HEK293 cells were transfected with the indicated ARH variants and lysed. Lysates were divided into two portions. The fi rst portion was processed by biotin switch to label nitrosylated cysteines with biotin. Biotinylated proteins were precipitated with neutravidin agarose and run with the second, untreated portion of the lysate on SDS-PAGE and immunoblotted for ARH. CC>AA indicates the ARH variant with both the C199A and C286A mutations. were incubated with the cells for 1-4 h. Cells were harvested hourly, washed with PBS, fi xed with 3% paraformaldehyde, and held on ice for fl ow cytometry. Mean cellular fl uorescence from 10,000 cells per time point was determined using a BD FACScalibur. As a negative control, all assays included cells without FLPPS treatment. Uptake of both LDL and ␤ -VLDL by cells expressing wild-type (WT) ARH increased ‫ف‬ 20-fold following LPPS treatment and was consistent with the fold induction of LDLR expression. In all reported data, the uptake by cells without FLPPS treatment was subtracted from FLPPS-treated cells at each time point. Relative rates of uptake were determined by linear regression analysis using Prism 4.0 software.
LDL-binding assay
LDL was labeled with 125 I using the Bolton-Hunter protocol ( 24 ) . Binding assays were performed as previously described ( 10, 25 ) .
Surface LDLR expression assay
Surface expression was measured by fl ow cytometry using the C7 monoclonal antibody to the LDLR as previously described ( 23 ) . Briefl y, cells were treated with LPPS medium overnight, fi xed with 3% paraformaldehyde, and blocked with PBS containing 0.1% BSA. Cells were then incubated with 10 g/ml C7 antibody for 1 h at room temperature, washed, and incubated for 1 h at room temperature with a secondary antibody coupled to allophycocyanin. Cells were lifted from the dishes, and cellular fl uorescence determined by fl ow cytometry.
Biotin switch assay for protein nitrosylation
Nitrosylated proteins were identifi ed by replacing S-nitrosyl groups with biotin using the S-nitrosylated protein detection assay kit (Cayman Chemical Co., Cat. No. 10006518), which is based upon the protocol developed by Jaffrey and Snyder ( 26 ) . Biotinylated proteins were then purifi ed using neutravidin-agarose, separated on SDS-PAGE, and immunoblotted for ARH.
Immunoprecipitation
Cells were lysed in RIPA buffer [50 mM Tris, 150 mM NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS (pH 7.5)] with proteinase inhibitors (Calbiochem). Protein concentration of cell lysate was measured by BCA assay (Thermo Scientifi c) and equalized prior to precipitation. Immunoprecipitation was carried out with monoclonal antibodies against ARH (Santa Cruz Biotechnology) or AP-2 (BD Biosciences). Bound proteins were separated by 8% SDS-PAGE and immunoblotted with the indicated polyclonal antibodies.
Electronic microscopy
Colloidal gold-conjugated LDL (LDL-gold) was produced as previously described ( 27, 28 ) . Surface labeling with LDL-gold was performed by incubating cells with 10 g/ml LDL-gold in minimal essential media supplemented with 10% LPPS at 4°C for 2 h. The cells were washed three times with PBS and fi xed with 3% paraformaldehyde followed by 0.8% glutaraldehyde. The cells were then embedded, sectioned, counter-stained, and visualized using an FEI Tecnai electron microscope operating at 120 kV as previously described ( 28 ) . Micrographs of each cell type were coded, and the length of the noncoated pit membranes, the length of the coated pit membranes, and the number of gold particles associated with each class of membrane were determined using ImageJ software.
RT-PCR
RNA was isolated from white adipose tissue of a C57BL/6 mouse or from WT cells using the RNA STAT-60 kit (TEL-TEST also containing 10 g/ml 125 I-LDL. Cells were extensively washed with ice-cold PBS and incubated with 1 mg/ml protease K in protease buffer [PBS + 1 mM EDTA (pH 8.0] for 2 h at 4°C. The cell suspension was then centrifuged at 5000 g for 10 min over a cushion of 10% sucrose in PBS. The tubes were frozen in liquid nitrogen, cut to separate the cells (internal) from the solution (surface-bound material released by protease K), and counted on a ␥ counter. Nonspecifi c activity was assessed in parallel experiments in the presence of 250 g/ml unlabeled lipoprotein. Nonspecifi c activities were subtracted from mean values for each data point. Data are means ± SEM of four replicate trials from four experiments (n = 16).
Lipoprotein uptake assay
LDL and ␤ -VLDL uptake assays used previously published protocols ( 23 ) . Briefl y, cells were fi rst treated with FLPPS medium (D-MEM supplemented with 10% fetal lipoprotein-poor serum) overnight to induce LDLR expression. Alexa546-labeled LDL (10 g/ml) or Alexa546-labeled ␤ -VLDL (5 g/ml) in LPPS medium ARH, C199, was required for the faster mobility form of ARH. As with the C286A mutation, the C199A mutation eliminated the fast mobility form of ARH ( Fig. 1F ) . Formation of disulfi de bonds in cytosolic proteins is rare because the cytosol is normally a reducing environment; however, nitric oxide is an endogenously produced oxidant that has been shown to promote disulfi de bond formation ( 29 ) . Nitric oxide reacts with the sulfhydryl of cysteine to form S-nitroso cysteine, which can then react with other cysteines and nitrosylated cysteines to form disulfi de bonds. To determine whether ARH is nitrosylated, we introduced into HEK293 cells WT ARH, ARH-C199A, ARH-C286A, or ARH-C199A/C286A and tested for nitrosylation using biotin switch assays. These assays showed that WT ARH, ARH-C199A, and ARH-C286A, but not ARH-C199A/C286A, are nitrosylated ( Fig. 1F ) , indicating that ARH is nitrosylated at both C199 and C286 and that these cysteines can form a disulfi de bond.
Nitrosylation of ARH is required for LDL uptake
To test whether the nitrosylation status of ARH infl uences lipoprotein uptake, we used fi broblasts from Arh
fl ox/fl ox ;hLDLR +/+ mice to make stable fi broblast cell lines that i ) express Dab2 but not ARH (Dab2); ii ) neither ARH nor Dab2 (Vector); iii ) WT human ARH but not Dab2 (WT); iv ) human ARH-C199A but not Dab2 (C199A); v ) human ARH-C286A but not Dab2 (C286A); or vi ) human ARH-C199A/C286A but not Dab2 (CC>AA) ( Fig. 2A, B ) . These cells were then assayed for their ability to support lipoprotein uptake using a FACS-based assay that measures steady-state rates of lipoprotein accumulation. We observed that C199A and C286A supported rates of LDL accumulation that were similar to that of WT cells, while CC>AA cells supported a rate of LDL accumulation that was similar to that of Vector cells ( Fig. 3A and supplementary Fig. I ). Accumulation rates for the VLDL remnant, ␤ -VLDL, were similar for all cell lines ( Fig. 3B and  supplementary Fig. I) , consistent with the prior observation that ␤ -VLDL uptake does not require ARH, dab2, or the FDNPVY sequence ( 10 ) . These observations show that ARH-supported LDL uptake requires either of the two nitrosylated cysteines.
To confi rm the role of nitric oxide, we tested whether inhibition of nitric oxide synthase activity reduced LDL uptake in our fi broblast cell lines. Mammalian genomes encode three nitric oxide synthases (NOS1-3), and our fi broblasts express primarily NOS2 (iNOS) with lower levels of both NOS1 (nNOS) and NOS3 (eNOS) (supplementary Fig. II ). This expression pattern is consistent with prior reports of NOS expression in fi broblasts ( 30 ) . To reduce nitric oxide synthase activity, we used l-N G -nitroarginine methyl ester (L-NAME), a cell-permeable arginine analog that inhibits all three NOS enzymes ( 31 ) . Pretreatment of WT, C199A, or C286A cells with 4 mM L-NAME sharply reduced their rates of LDL uptake ( Fig. 3A and  supplementary Fig. I ), indicating that nitrosylation of ARH by nitric oxide is necessary for ARH to support LDL uptake. Importantly, L-NAME had no effect on dab2-supported LDL uptake or ␤ -VLDL uptake ( Fig. 3A and supplementary Inc.) according to the manufacturer's instructions. RNA was then treated with DNA-free kit (Ambion) and reverse-transcribed into cDNA using the Taqman Reverse Transcription kit (Applied Biosystems). PCR was performed using the following primers: NOS1: 5 ′ -GACCAAGCCCTGGTGGAGATTAAC, 5 ′ -GCCTCTGCCAATT-TCTTGAAGCCA; NOS2: 5 ′ -CTGCTGGTGGTGACAAGCACAT-TTG, 5 ′ -CGTTCTTTGCATGGATGCTGCTGAG; NOS3: 5 ′ -CAG-TTCCCGGAAAGAGGGATTGTG; 5 ′ -GCATATGAAGAGGGCAG-CAGGATG. All reactions used SpeedSTAR HS polymerase (Takara) with 50 ng of cDNA over 30 cycles. Expected product sizes are 332 bp for NOS1 (nNOS), 439 bp for NOS2 (iNOS), and 214 bp for NOS3 (eNOS).
Statistics
P -values were calculated by one-way ANOVA using PRISM 4.0.
RESULTS
ARH is nitrosylated
The reason to suspect that ARH might be subject to posttranslational modifi cation originated from the fi rst immunoblots of ARH, which showed that ARH exists in two forms of differing electrophoretic mobility ( 17 ) . To ensure that the difference in mobility did not result from proteolysis, we introduced into HEK293 cells C-terminally V5-tagged human ARH variants encoding full-length ARH, an N-terminal fragment of ARH (residues 1-187), or a C-terminal fragment of ARH (residues 188-308). V5 immunoblots showed that cells expressing full-length and the C-terminal half of ARH produced two V5 immunoreactive bands, while the N-terminal fragment produced only a single band ( Fig. 1B ) . Thus, proteolysis is not responsible for two ARH bands because hydrolysis at the N-terminal end of ARH would have produced a second band for the N-terminal fragment, while hydrolysis at the C-terminal end of ARH would have removed the V5 tag. To identify what part of the C-terminal half was responsible for the second ARH band, we introduced a series of untagged human ARH variants with C-terminal deletions into HEK293 cells. Deletions removing the last 17 amino acids had little effect on the presence of two ARH bands, but deletions of 25 or more residues eliminated the faster migrating band ( Fig. 1C ) . We identifi ed which residues were required for the fast mobility species by introducing ARH variants bearing single alanine substitutions. Cells expressing ARH variants with alanine mutation at T277, H282, Y283, or S288 produced both slow and fast mobility ARH forms, but cells expressing ARH-C286A produced only the slow mobility form ( Fig. 1D ). These observations indicate that C286 is required for posttranslational modifi cation of ARH.
Most posttranslational modifi cations slow electrophoretic mobility; however, intramolecular disulfi de bonds are an exception, because this modifi cation reduces the hydrodynamic radius of SDS-denatured proteins. We tested whether C286 was involved in an intramolecular disulfi de bond by treating lysates of normal human fi broblasts with increasing concentrations of DTT. Concentrations above 0.3 mM eliminated the faster mobility form of ARH ( Fig. 1E ) . Disulfi de bonds require two cysteines, and we tested whether the other cysteine in the C-terminal half of 
Quantifi cation of the LDL-gold distribution showed that Vector cells had little enrichment of LDL-gold in coated pits, while WT cells had a 10-fold enrichment. C199A, C286A, and Dab2 cells had coated pit enrichments that were equal to or better than that of WT cells; however, CC>AA cells had enrichment that was nearly as poor as Vector cells ( Fig. 5B ). These observations show that ARH requires the ability to be nitrosylated for coated pit targeting of LDL.
The ability of ARH to be nitrosylated also correlated with the ability of ARH to support LDL internalization. Assays of LDL internalization were performed by loading surface LDLR with 125 I-LDL at 4°C, shifting to 37°C for various periods of time, and measuring surface and internal pools of LDL. Fibroblasts expressing endogenous levels of both ARH and dab2 show uptake rates of 0.065-0.085 min Ϫ 1 ( 10, 32 ) . WT and Dab2 cells were both in this range with LDL internalization rates of 0.081 and 0.067 min , respectively. These results indicate that loss of both cysteines prevents ARH from supporting LDL internalization, while loss of either cysteine slows LDL internalization. During LDL uptake, the LDLR cycles between the cell surface where it binds LDL and endosomes where it releases LDL. In fi broblasts at steady state, half of the total LDLR pool is exposed on the cell surface, while the remainder is in transit through the endosomal and recycling systems ( 4 ). In fi broblasts, which lack both ARH and dab2 or which express only LDLRs that lack a functional FDN-PVY sequence, the internal pool of LDLRs is lost and all receptors are present on the cell surface ( 10, 13, 18, 28 ) . Consistent with these prior fi ndings, our Vector cells, which lack both adaptors, had twice as many surface LDLRs and bound twice as much LDL as WT cells ( Fig. 4 ) , despite having a similar total LDLR content as WT cells ( Fig. 2 ) . C199A and C286A cells had LDLR surface expression and LDL binding that was similar to WT cells; however, CC>AA cells had levels of surface LDLR and LDL binding that were similar to Vector cells ( Fig. 4 ) , despite WT levels of total LDLR ( Fig. 2 ) . These fi ndings suggest that nitrosylation is required for ARH to engage the endocytic machinery of coated pits.
To test whether nitrosylation is necessary for ARH-dependent targeting of LDL-LDLR complexes to coated pits, we loaded surface LDLRs of the fi broblast cell lines with LDL-gold and then visualized the location of LDL-LDLR complexes by thin section electron microscopy ( Fig. 5A ).   Fig. 3 . ARH nitrosylation is necessary for LDL uptake but not ␤ -VLDL uptake. Vector, WT, C199A, C286A, CC>AA, and Dab2 cells were pretreated or not with 4 mM L-NAME for 30 min and then assayed by FACS for lipoprotein uptake at 1, 2, 3, and 4 h using 10 g/ml Alexa546-labeled LDL or 5 g/ml Alexa546-labeled ␤ -VLDL. Data for each time point are shown in supplementary Fig. I . Linear regression of uptake data was used to determine rate constants for LDL uptake and ␤ -VLDL uptake. Rate data are plotted as mean rates ± SD (n = 3 trials; 10,000 cells per time point per trial). Signifi cance determined by one-way ANOVA. ‡ P < 0.05, ‡ ‡ P < 0.005 for untreated cells versus L-NAMEtreated cells; * P < 0.05, ** P < 0.005 for untreated cells compared with untreated WT cells. ARH-C286A than with ARH-CC>AA. Pretreatment of cells with L-NAME reduced the amount of AP-2 and clathrin coprecipitating with ARH in WT, C199A, and C286A cells to the level observed with CC>AA cells. We confi rmed the preferential interaction of AP-2 with nitrosylated ARH by immunoprecipitating AP-2 and comparing coprecipitation of ARH. Immunoprecipitation of AP-2 coprecipitated more ARH from lysates of WT, C199A, and C286 cells than from CC>AA cells or from cells treated with L-NAME. AP-2 has its own binding sites for clathrin heavy chain, and coprecipitation of clathrin with AP-2 was unaffected by L-NAME treatment or mutation of ARH. No differences were observed among WT ARH, ARH-C199A, and ARH-C286A
Nitrosylation is necessary for normal interaction of ARH with AP-2
Published experiments have shown that ␤ -arrestin2, an endocytic adaptor that promotes G-protein coupled receptor (GPCR) uptake, is nitrosylated and that this modifi cation promotes association of ␤ -arrestin2 with AP-2 ( 33 ). Like ␤ -arrestin2, ARH binds to the ␤ 2-adaptin component of AP-2 ( 5 ), suggesting that nitrosylation may promote binding of ARH to AP-2. We tested this possibility using immunoprecipitation and found that ARH effi ciently coprecipitated AP-2 from lysates of WT, C199A, and C286 cells, but not from lysates of CC>AA cells ( Fig. 6 ). Clathrin also coprecipitated better with WT ARH, ARH-C199A, and CC>AA cells have poor ability to target LDL-LDLR complexes to coated pits. Coated pit enrichment is reported using the summation of 10 random micrographs ± SEM of enrichments calculated from each micrograph separately. The P -value relative to WT is indicated above the error bar. (C) CC>AA cells have poor ability to support LDL internalization. Surface receptors were saturated with 10 g/ml 125 I-LDL at 4°C and then shifted to 37°C in the presence of 10 g/ml 125 I-LDL. At the indicated times, internalization was stopped and surface-bound and internalized pools of LDL were assayed as described in Materials and Methods. Data is shown as the mean ratio of internal/surface ± SEM, n = 16. analogous mechanism to control AP-2-binding activity. While ␤ -arrestins and ARH have no sequence conservation outside their AP-2-binding sites, ARH may hold its AP-2-binding sequence in an inactive, nonhelical state. S-nitrosylation at C199 and C286 may release the AP-2-binding sequence, allowing it to adopt the active, helical state.
In addition to activating AP-2 binding, S-nitrosylation at C199 and C286 may play a role in LDL internalization. Mutation of either cysteine slowed LDL internalization more than 2-fold ( Fig. 5C ). The contribution of C199 and C286 to LDL uptake was not at the level of coated-pit targeting because both C199A and C286A cells displayed normal LDL-gold enrichment in coated pits and because binding of AP-2 and clathrin to ARH-C199A and ARH-C286A were normal ( Figs. 5 and 6 ). The contribution of these cysteines does not appear to infl uence the internalization of nonlipoprotein-loaded LDLRs because the surface LDLR levels on C199A and C286A cells were normal ( Fig. 4 ) . Only a fraction of LDL-LDLR complexes that reach coated pits are internalized through the budding portion of coated pits ( 40 ) , and nitrosylation of both cysteines may help to anchor LDL-LDLR complexes in budding portion of coated pits. Importantly, the decreases in LDL internalization rate caused by the C199A and C286A mutations had only a small effect on overall LDL accumulation rates ( Fig. 3 ) . LDL accumulation is a function of LDL binding, LDL-LDLR traffi cking to coated pits, internalization, LDL release, receptor recycling, and LDL resecretion. The differences between LDL accumulation and LDL internalization by WT, C199A, and C286A cells suggest that internalization is not rate limiting for LDL accumulation in WT cells.
Of the two cysteines that are nitrosylated in human ARH, only C286 is conserved across vertebrate species (supplementary Fig. III) . The strong conservation of C286 from fi sh to primates suggests that nitrosylation at C286 plays a conserved role in ARH-supported LDL uptake; however, the lack of a cysteine near residue position 199 in nonprimate ARH proteins suggests that the function of with regards to association with AP-2 in either set of immunoprecipitation. These observations indicate that nitrosylation of either C199 or C286 is suffi cient to facilitate the binding of ARH to AP-2.
DISCUSSION
The central fi nding of this study is that nitric oxide regulates the ability of ARH to support LDL uptake. LDL uptake by the LDLR requires either ARH or dab2, which binds to AP-2, clathrin, and the FDNPVY sequence of the LDLR cytoplasmic domain. The combination of these three interactions is necessary for effi cient targeting LDL-LDLR complexes to coated pits for endocytosis ( 10, 13, 34 ) . The ability of ARH to associate strongly with AP-2 requires that ARH be nitrosylated at either C199 or C286 ( Figs. 1F and 6 ). Failure to nitrosylate ARH cripples the ability of ARH to cluster LDL-LDLR complexes in coated pits ( Fig. 5A, B ) and impairs LDL uptake ( Figs. 3 and 5 ). C199 and C286 can form a disulfi de bond in cells ( Fig. 1 ) , and nitrosylation may catalyze this disulfi de bond formation. Together, these fi ndings suggest that ARH cycles between an inactive unnitrosylated state, an active nitrosylated state, and a disulfi de-bonded state ( Fig. 7 ) . Interchange between these states may depend upon NOS activity, denitrosylation activities, and the cellular redox state.
ARH binds to the ␤ 2-adaptin component of AP-2 through a sequence that has homology with the AP-2-binding sequence of ␤ -arrestins. Structural studies have shown that the AP-2-binding sequences of both ARH and the ␤ -arrestins adopt an ␣ -helical conformation when bound to ␤ 2-adaptin (35) (36) (37) . In the case of ␤ -arrestins, the AP-2-binding activity is regulated by GPCRs. When ␤ -arrestins are in the inactive/basal state, their AP-2-binding sequences are stretched into a ␤ -strand conformation ( 38, 39 ) . Interaction of ␤ -arrestins with active, phosphorylated GPCRs induces a conformational change in ␤ -arrestins that allows the AP-2-binding sequence to coil into the active, ␣ -helical conformation. In ␤ -arrestin2, the C-terminal cysteine is nitrosylated in response to GPCR activation, and this nitrosylation event facilitates the conformational change that activates AP-2 binding ( 33 ) . ARH may use an falls sharply following the consumption of a large meal ( 59, 60 ) and this drop may reduce ARH nitrosylation, thereby focusing the endocytic activity of hepatic LDLRs on uptake of chylomicron and VLDL remnants, which fl ood the circulation in the postprandial state. Remnant particles are more atherogenic than LDL ( 61 ) and focusing the endocytic activity of the LDLR on remnants may help prevent atherosclerosis both by more rapidly reducing the circulating number of remnants and by preventing the conversion of VLDL remnants into LDL. Peripheral blood leukocytes also express ARH, but not dab2 ( 14 ) , and the absence of dab2 may protect leukocytes from excessive LDL uptake in atherosclerotic lesions. Atherosclerotic lesions are infl ammatory responses to lipoprotein accumulation in the intima of arteries ( 62 ) . As part of the infl ammatory response, peripheral blood leukocytes extravasate into the lesion ( 63 ) . Once in a lesion, leukocytes shut down LDLR function via transcriptional pathways that are triggered by the elevated cholesterol and oxysterols in the lesion. Both cholesterol and oxysterols suppress LDLR mRNA expression through inactivation of sterol response-element binding proteins (SREBP), which are transcription factors required for LDLR mRNA transcription ( 64 ) . Elevation of oxysterols also promote LDLR turnover by activating liver X receptors (LXR), which are transcription factors that drive production of Idol/MYLIP, an E3-ubiquitin ligase that promotes lysosomal degradation of the LDLR ( 65 ). Because both processes are dependent upon changes in transcription, they require time for new protein synthesis, and changes in ARH function may complement transcriptional inactivation of LDLR function. Atherosclerotic lesions have abundant reactive oxygen species (ROS), which react with nitric oxide and reduce nitric oxide availability ( 66 ) . Loss of nitric oxide inactivates ARH ( Figs. 2-7 ) and may halt LDLR-dependent LDL uptake while LDLR mRNA and protein are being destroyed.
In summary, the data presented here show that LDL uptake by the LDLR requires S-nitrosylation of ARH. Nitrosylation promotes interaction of ARH with AP-2 and is required for ARH to target LDL-LDLR complexes to coated pits for internalization. ␤ -VLDL uptake and dab2-supported LDL uptake are not dependent upon nitric oxide, indicating that the infl uence of nitric oxide on LDLR function is specifi c to ARH-supported LDL uptake. Thus, cells that express ARH, but not dab2, can reduce LDL uptake in response to reductions in nitric oxide without affecting either LDLR expression or LDLR-dependent uptake of VLDL remnants. C199 is primate-specifi c. Other species may use different cysteines to form a disulfi de bond with C286, because mouse ARH has a fast-migrating form ( 17 ) , despite the absence of a cysteine near position 199. The most likely role for disulfi de bond formation is denitrosylation. Most protein denitrosylation involves transnitrosylation events that transfer the nitric oxide moiety from a nitrosylated protein to either glutathione or thioredoxin. The nitric oxide moiety of glutathione and thioredoxin is then removed through a process that involves disulfi de bond formation followed by disulfi de bond cleavage ( 41 ) . The ability of ARH to form an intramolecular disulfi de bond may provide an intrinsic mechanism that accelerates denitrosylation of ARH.
Importantly, the involvement of nitric oxide is specifi c to ARH-supported LDL uptake. Neither dab2-supported LDL uptake nor VLDL remnant uptake are impaired by inhibitors of nitric oxide synthase activity ( Fig. 3 ) . The ability of dab2 to support LDL uptake in the absence of NOS activity may allow cells that express dab2 to support LDLR-dependent uptake of LDL when nitric oxide levels are low. For example, the adrenal glands and ovaries of humans use LDL-derived cholesterol to produce steroid hormones (42) (43) (44) . Nitric oxide inhibits steroid production ( 45 ) , and the high levels of dab2 expressed in steroidogenic tissues ( 46, 47 ) may facilitate LDL uptake when nitric oxide levels are low and cholesterol demand for steroid production is high. More generally, activation of ERK induces LDLR expression in dividing cells to supply the cholesterol needed for membrane biogenesis ( 48 ) . The moderate levels of dab2 that are expressed in most tissues may allow dividing cells to use the LDLR to supply LDL-derived cholesterol irrespective of nitric oxide levels.
Liver hepatocytes express ARH but not dab2, suggesting that changes in nitric oxide production may dictate whether hepatic LDLRs internalize LDL. In humans, reductions in the rate of whole-body nitric oxide production correlate strongly with increased circulating LDL-cholesterol in age-matched individuals ( 49 ) . Whole-body nitric oxide production also decreases with age ( 50, 51 ) , coincident with a decrease in LDL clearance rates ( 52, 53 ) . The ability of lipoproteins to inhibit eNOS activity ( 54, 55 ) likely explains part of the correlation between LDL-cholesterol and nitric oxide production; however, the correlation is much stronger in individuals with two normal LDLR alleles than in individuals with a defective LDLR allele ( 49, 56 ) , suggesting that nitric oxide also promotes LDLR function. In support of this conclusion, transgenic overexpression of eNOS in apoE-defi cient mice decreases LDL-cholesterol levels ( 57, 58 ) . Because apoE is not required for LDLR-dependent LDL uptake, the reduction in LDL-cholesterol observed in the transgenic animals suggests that elevated nitric oxide improves LDL uptake by the LDLR. This improvement in LDLR function may involve nitrosylation of ARH.
Under normal conditions, hepatocytes may use nitric oxide to regulate whether the LDLR internalizes LDL or remnant particles. Whole body nitric oxide production Supplemental Material can be found at:
